Modulation of TCR signaling upon ligand binding is achieved by changes in the equilibrium between TCR degradation, recycling and synthesis; surprisingly, the molecular mechanism of such an important process is not fully understood. Here, we describe the role of a new player in the mediation of TCR degradation: the endocytic adaptor Numb. Our data show that Numb inhibition leads to abnormal intracellular distribution and defective TCR degradation in mature T lymphocytes. In addition, we find that Numb simultaneously binds to both Cbl and a site within CD3ε that overlaps with the Nck binding site. As a result, Cbl couples specifically to the CD3ε chain to mediate TCR degradation. The present study unveils a novel role of Numb that lies at the heart of TCR signaling initiation and termination.
Introduction
Numb is an endocytic adaptor involved in receptor internalization (1, 2) . It contains a phosphotyrosine binding (PTB) domain at the N-terminus and several proline-rich regions at the C-terminus. Numb plays an important role during asymmetric division, a process by which two daughter cells with different fates are generated (3). Other described Numb functions include binding to integrins (4) and Src family kinases (5) , mediation of receptor internalization (1, 2) and participation in clathrin-dependent endosomal association (6) . To this day, and despite extensive studies, the general mechanism by which Numb facilitates asymmetric division is mainly unknown.
Numb plays an important role in early thymocyte development by asymmetrically segregating into the daughter cells at the double-negative (DN) proliferative stage, its pattern of segregation being opposite to the preTCR (7) . Additionally, Numb co-localizes with the TCR complex in mature T cells. The TCR is composed of a dimer of two TCR chains (TCRα and TCRβ), which couples with several CD3 chains (CD3γ, CD3δ, CD3ε and CD3ζ, or CD247) into a complex that efficiently transmits signals received from antigen-presenting cells. One aspect that has received increased attention during the last years is the mechanism by which the TCR is degraded (8, 9) . Thus, the number of surface TCR-CD3 complexes, critical to ensure correct levels of TCR signaling in both thymocytes and mature T lymphocytes, is regulated by a delicate equilibrium between synthesis, internalization, degradation and recycling processes (10) , where multiple adaptor proteins may be implicated to guarantee lymphocyte functionality. Here, we have focused on the adaptor Numb and its role in mature lymphocyte function. Using a dominant-negative model, we have unveiled a novel mechanism for TCR degradation with important implications for the understanding of how TCR signaling is controlled in lymphocyte development and function.
Methods

Mice, embryos and cell lines
Four-to twelve-week-old mice were used. All procedures involving mice were performed in agreement with the CSIC Ethical Committee directives. DnNb TG mice were provided by Dr B.J. Fowlkes. OT-II TCR TG mice were obtained from Charles River.
Antibodies
The following antibodies were from BD: anti-CD4 (L3T4), CD8 (53-6.7), CD5 (53-7.3), TCRβ (H57-597); CD4 (RM4-5), CD8 (53-6.7), IFNγ, TNFα, CD28, CD3ε, Fc Block (2.4G2), IgG1 (A85-1); Biotinylated Myc-tag (9E10, Upstate); GADPH (71.1 Sigma); Streptavidin-APC (eBioscience); anti-Lck (2102, Santa Cruz); anti-phosphotyrosine-100, phospho-Erk, phospho-Akt, phospho-Zap70 (Cell Signaling). Anti-Numb antibody was provided by Dr Weimin Zhong.
Western blotting
Lymphocytes were lysed in NP40 cell lysis buffer (Sigma) supplemented with protease inhibitor cocktail (Sigma) and phenylmethylsulfonyl fluoride for 30 min on ice. The lysates were run on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen) and transferred to nitrocellulose; the membrane was blocked 30 min at room temperature with blocking buffer. Subsequently, the membrane was blotted for Numb or GADPH (71.1 Sigma), washed and incubated in secondary antibodies coupled to HRP (Santa Cruz) and detected by enhanced chemiluminescence (Bio-Rad).
Immunoprecipitation
Thymocytes were lysed in lysis buffer supplemented with protease inhibitor. Lysates were incubated with anti-Numb or anti-Myc for 2 h at 4°C, then incubated with protein G-coated magnetic beads (Dynabeads, Invitrogen). The immunoprecipitate was purified with magnetic columns and immunoblotted as described above.
Cell lines and transfection
COS (CV-1 in Origin with SV40 genes) or HEK293 cells were transfected with 5 mg of DNA using Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfection, cells were collected, lysed and immunoprecipitated as described in the section Immunoprecipitation.
Flow cytometry and intracellular staining
Thymocytes or lymphocytes were washed twice with PBS and stained for 15 min at 4°C. For intracellular staining, Cytofix/ Cytoperm (BD Bioscience) was used. Analysis was performed on an FACs Calibur (Becton Dickinson). Files were analyzed using FlowJo software. For IFNγ and TNFα analysis, cells were treated for 4 h with brefaldin A before staining.
Immunofluorescence and confocal microscopy
T cells were attached on poli-L-lysine-coated cover slips, surface labeled with Alexa 647 hamster anti-TCRβ and crosslinked with hamster antibody on ice, then incubated for 60 min at 37°C, fixed with 4% paraformaldehyde, permeabilized and stained with the indicated antibodies. Slides were mounted with ProLong Antifade (Molecular Probes). Antibodies: rabbit anti-Numb (Santa Cruz Biotechnology Inc.), mouse anti-c-Cbl (Santa Cruz Biotechnology Inc.), anti-Ubiquitin (Sigma) and mouse anti-Myc, anti-rabbit Alexa-488 (Molecular Probes) and anti-mouse Alexa-488 (Molecular Probes). The cells were analyzed using a Leica TCS SP5 confocal microscope. Lif images were converted to TIFF files and figures were presented using Adobe Photoshop 7.0 software. The co-localization was quantified as 100 X (total co-localization signals/total red signals) obtained from each image with LAS-F software, and then normalized to 1 for the wild type (WT).
Proliferation assay
Lymphocytes were stained with CFSE for 10 min in the dark at room temperature. The reaction was stopped by adding 1/5 of the volume of FBS and 10 volumes of complete medium. After 5 min, the cells were washed and cultured with plate-bound CD3ε for 24 h. Co-staining with CD4-PE was performed before FACS analysis.
Statistical analysis
The Student's t-test was used. Differences were considered statistically significant if P < 0.05.
Results
Numb inhibition results in enhanced CD4 single-positive production
Numb has been described to play a key role during DN3 development through asymmetric division segregation; however, its role in mature thymocytes and lymphocytes is unknown. We and others have previously shown that a truncated Numb consisting of its PTB domain acts as a dominant negative (5, 7) .
Our analysis of DP and CD4 single-positive (SP) absolute cell numbers revealed that the thymus of dnNb TG mice contained less double-positive (DP) but similar numbers of CD4 SP than wild-type (WT) mice; accordingly, the CD4SP/ DP ratio was higher in dnNb TG than in WT mice (Fig. 1A) . The percentage of thymocytes expressing high TCR levels was increased in dnNb TG mice compared with WT mice, although the total TCR expression on SP of dnNb TG mice was unaffected (Fig. 1B) . Thus, high TCR expression in total thymocytes was a consequence of an increased proportion of CD4 SPs. Indeed, the percentage of CD4 SP thymocytes was higher in dnNb TG than in WT mice when TCR hi -gated thymocytes were examined (Fig. 1C, lower panels) .
We analyzed expression of markers normally up-regulated during positive selection (TCRβ, CD69 and CD5) in DP and SP cells of dnNb and WT mice. We distinguished two subpopulations of DP thymocytes: a larger CD4 hi CD8
hi population, and a smaller CD4 hi CD8 int population that has been previously characterized as undergoing positive selection [(11), Fig. 1D ]. We could not detect a significant difference in the expression of the mentioned markers in the CD4 hi CD8 hi subpopulation (Fig. 1E, left) ; however, dnNb TG thymocytes showed higher levels of all three markers in CD4 hi CD8 int (Fig. 1E, middle) , while all three markers were expressed at equal or slightly lower levels in dnNb TG compared with WT CD4SP cells (Fig. 1E, right) . The latter result shows that the population is not enriched in CD4 SP thymocytes, since these follow a pattern of expression similar to the WT for the three analyzed markers. Therefore, DP thymocytes may receive stronger TCR signals during positive selection in dnNb TG mice. Next, we stimulated thymocytes of WT or dnNb TG mice with soluble anti-CD3ε for up to 60 min and measured activation of the intracellular Erk kinase. We found Erk phosphorylation to be more intense and sustained in dnNb thymocytes (Fig. 1F) . The observed Erk hyperactivation in the presence of dnNb indicated that Numb may negatively regulate TCR signaling. The excess in phosphorylation is not restricted to 
Numb binds to CD3ε 129
Erk: higher levels of phosphorylation were detected in stimulated CD4 SP thymocytes from dnNb TG DP and CD4 SP thymocytes, compared with WT, when cells were treated with antibodies against p-Akt and p-ZAP70 by intracellular cytometry (Fig. 1G) .
To further assess the effect of dnNb expression on positive selection, we studied thymic differentiation in TCR transgenic mice. We crossed dnNb TG mice with mice expressing OT-II transgenic TCR, a Class II MHC-specific TCR that in the WT background efficiently produces CD4 SPs. Total thymocytes from dnNb TG OT-II mice showed a different pattern of TCR expression on their cell surface than their OT-II counterparts. There was an accumulation of Vα2 int thymocytes at the expense of Vα2 high thymocytes in dnNb OT-II mice ( Fig. 2A , top panels). The effect of Numb inhibition in dnNb OT-II mice was loss of CD4 SP thymocytes, with generation of some CD8 SPs that were absent in the OT-II thymus ( Fig. 2A , middle and lower panels; Fig. 2B ). Only a slight increase in absolute numbers of DPs in OT-II * dnNb TG mice was detected, correlating with a significant decrease in the absolute numbers of OT-II CD4 SPs (Fig. 2B , left), together with an important decrease in the CD4 SP/DP ratio ( Fig. 2B , right). When CD4 and CD8 expression was analyzed on Annexin-V + thymocytes,
we found a clear increase in the percentage of Annexin-V + DP thymocytes in dnNb * OT-II compared to OT-II WT mice (Fig. 2C ). All these results can be explained if Numb plays a negative regulatory role on TCR signaling. Thus, TCR signaling enhancement by dnNb could result in enhanced positive selection in non-TCR transgenic thymocytes but death by increased negative selection in TCR OT-II thymocytes.
Defective TCR degradation in mature T lymphocytes expressing dominant-negative Numb
To assess if mature T cells expressing dnNb presented alterations in TCR signaling, we isolated CD4 T lymphocytes from dnNb TG and WT mice and analyzed TCRβ, CD69, CD5 and IFNγ expressions. Although there was no obvious difference in surface TCRβ levels between WT and dnNb TG lymphocytes, we observed higher CD69 and CD5 levels in non-stimulated dnNb TG T cells compared with WT (Fig. 3A) . IFNγ was also constitutively expressed by dnNb TG cells, indicating that mature T cells were spontaneously activated. Besides, dnNb TG CD4 T cells had high basal levels of phosphorylated Erk (Fig. 3B) . Furthermore, dnNb TG lymphocytes showed faster and more sustained Erk and total tyrosine Fig  3B and C, respectively) . Other downstream TCR signaling proteins, such as Akt and ZAP-70, underwent similar higher phosphorylation upon TCR stimulation in dnNb compared with WT mice (Fig 3D) . Additionally, intracellular expression of cytokines was associated with lymphocyte activation, as IFNγ and TNFα were also up-regulated in dnNb-stimulated lymphocytes from dnNb mice, compared with WT littermates (Fig 3E) . However, we found no differences in surface TCR levels in unstimulated T cells (Supplementary Figure 1A (Fig. 3F ). This is in agreement with the above results showing that TCR internalization is not altered in dnNb TG mice; however, the accumulation of TCR vesicles in the cytoplasm may be interpreted as a degradation defect. Therefore, we measured CD3ζ half-life on lymph-node T lymphocytes of dnNb TG and WT mice stimulated with anti-CD3ε at different times and observed that CD3ζ levels did not decrease over time in dnNb TG lymphocytes, whereas CD3ε levels decreased normally (Fig. 3H) . Accordingly, stimulation with plastic-bound anti-CD3ε resulted in a stronger reduction of total TCR levels in WT than in dnNb TG T cells at longer times of stimulation in the presence or absence of cycloheximide, thus excluding re-expression as possible cause of higher TCR expression in dnNb cells (Fig. 3H) . In order to exclude the possibility that variations in endogenous Numb levels upon stimulation in CD4 T lymphocytes accounted for the effect of dominant-negative Numb, we measured Numb expression by western blotting in WT CD4 T lymphocytes stimulated at different times and observed that Numb levels were maintained over time (Supplementary Figure 2, available at International Immunology Online). These results led us to conclude that Numb inhibition results in enhanced TCR signaling, probably resulting from abnormal localization and impaired TCR degradation upon stimulation.
Numb binds to
CD3ε 131 (pTyr) phosphorylation in response to TCR triggering (, available at International Immunology Online), in the rate of TCR down-regulation after stimulation with either soluble or plate-bound anti-CD3 (Supplementary Figure 1B, available at International Immunology Online) or proliferation levels after 24 h of stimulation (Supplementary Figure 1C, available at International Immunology Online). Moreover, we analyzed TCRβ localization by confocal microscopy in unstimulated or stimulated CD4 T lymphocytes of WT or dnNb TG mice. After 1 h stimulation with soluble antibodies, we observed a larger accumulation of vesicles containing internalized TCR in dnNb TG lymphocytes
Numb binds to the TCR complex using a site adjacent to the proline-rich region of CD3ε
On the basis of the previous results, we hypothesized that, normally, Numb modulates TCR signaling by promoting its degradation. However, the binding site for Numb within the TCR complex, how this binding is regulated and how Numb-TCR interaction affects TCR degradation were still unanswered questions. Taking into account that the canonical Numb PTB ligand is a NPXY sequence (12, 13), we searched for such a sequence in all TCR and CD3 chains, together with adaptors and kinases normally associated with the TCR complex upon stimulation (Zap70, Lck, LAT). We found just one, just downstream of the proline-rich sequence of CD3ε (Fig 4A) , known to have an important role in the initiation of TCR signaling (14) , suggesting a direct interaction between Numb and the TCR complex. To demonstrate a direct binding of Numb to CD3ε, we incubated lysates from either total thymocytes or purified CD4 T lymphocytes from WT mice with either sepharose-bound GST-CD3ε or GST and immunoblotted with an antibody against Numb. We detected a band corresponding to Numb, showing that Numb can specifically bind CD3ε (Fig 4B) . Moreover, endogenous Numb and CD3ε co-immunoprecipitation on lysates obtained from WT thymocytes (Fig. 4C) confirmed the interaction between Numb and CD3ε in thymocytes.
The fact that CD3ε contains a NPDY sequence led us to hypothesize that Numb interacts with CD3ε through its PTB domain. To determine if Numb uses this domain to interact with CD3ε, we took advantage of the fact that dnNb is truncated and contains just the PTB domain (7) . First, we isolated and lysed CD4 T lymphocytes from WT (as a negative control) and dnNb TG mice, incubated the lysates with sepharose-GST-CD3ε or GST and immunoblotted with an antibody against the human Myc tag present on dnNb but not on endogenous Numb. We observed a band corresponding to dnNb in the fraction from dnNb TG lymphocytes that had been incubated with GST-CD3ε, but not in the pull-down from WT lymphocytes (Fig. 5A) . Next, we analyzed whether dnNb co-localizes with TCR clusters in mature CD4 T lymphocytes stimulated for 1 h using plate-bound antibodies. We detected an extensive co-localization of both proteins (Fig. 5B) , confirming the results above. These data clearly indicate that Numb specifically binds to CD3ε through its PTB. To verify if Numb does, indeed, bind to the NPDY sequence of CD3ε, we transfected either the complete CD3ε or a mutant where the NPDY sequence had been deleted [deletion 10 in (15), Fig. 5C ] into COS cells. We did not need to transfect Numb into this cell line since COS cells express endogenous Numb. Immunoprecipitation with a Numb antibody followed by immunoblotting with anti-CD3ε confirmed that the NPDY deletion inhibits Numb-CD3ε binding (Fig 5D) .
Interestingly, TCR activation promotes tyrosine phosphorylation of the NPDY sequence (16) . Because Numb-CD3ε binding is dependent on this sequence, we wanted to analyze whether phosphorylation may modulate this binding. Thus, we transfected COS cells with CD3ε together with or in the absence of activated Lck. The interaction was independent of activated Lck, as determined by quantification of Numb-bound CD3ε in relation to total transfected CD3ε (Fig. 5E, left panels) . Next, we transfected COS cells with CD3ε and treated the culture with the Src protein kinase inhibitor PP2. This treatment did not affect the Numb-CD3ε interaction (Fig. 5E, right panel) . Thus, Numb specifically binds to the NPDY sequence in CD3ε independently of tyrosine phosphorylation of the NPDY motif. In order to exclude that either Lck was not inducing CD3ε phosphorylation in COS cells or that PP2 was not inhibiting CD3ε phosphorylation, we performed immunoblotting using an antibody against phosphotyrosine on lysates of COS cells transfected with CD3ε in the presence or absence of Lck or the protein kinase inhibitor. As expected, we detected a band corresponding to the size of phosphorylated CD3ε only when Lck was present (Supplementary Figure 3 , available at International Immunology Online). Therefore, CD3ε and Numb interact constitutively, independently of either TCR activation or protein phosphorylation, in agreement with our previous results on Numb/CD3ε binding in thymocytes and T CD4 lymphocytes. (Fig 4B) .
To investigate whether dnNb displaces Numb from the TCR complex, we stimulated mature CD4 T lymphocytes from WT or dnNb TG mice and analyzed the co-localization of TCRβ and Numb by confocal microscopy. Although TCR and Numb showed a high degree of co-localization in WT (Fig. 5F , top panels), it decreased by 2-fold in dnNb TG lymphocytes (Fig. 5F , bottom panels and Fig. 5G ), thus indicating that dnNb interferes with recruitment of Numb to the TCR. To further assess this question, we transfected HEK cells with HA-tagged CD3ε and Flag-tagged Numb, in the absence or presence of increasing quantities of Myc-tagged dnNb. Lysates were extracted, immunoprecipitated with anti-CD3ε and blotted with Flag, Myc or HA antibodies. With increasing quantities of dnNb, the band corresponding to Numb disappeared (Fig 5H) , showing that dnNb is able to displace Numb from CD3ε, which should in turn affect its degradation.
Decreased TCR/Cbl co-localization in dnNb TG lymphocytes
The E3 ubiquitin ligase Cbl is involved in TCR degradation by mediating CD3ζ ubiquitylation via ZAP-70 and Src-like adaptor protein (SLAP) (17, 18) . Thus, T lymphocytes from mice lacking c-Cbl and Cbl-b show TCR hyper-responsiveness and defective TCR down-modulation upon stimulation (19, 20) . We hypothesized that Numb may help to bring Cbl to the TCR, thus facilitating TCR degradation, similar to its role in Itch-mediated Notch degradation (21) . We first analyzed the capacity of Numb to interact with c-Cbl by cotransfecting Flag-Numb and c-Cbl in HEK293 cells followed by c-Cbl immunoprecipitation. This way, we demonstrated the interaction (Fig. 6A) . Moreover, immunoprecipitation of endogenous Numb in thymocytes or lymphocytes of WT and dnNb TG mice showed that the interaction between Numb and c-Cbl/Cbl-b proteins occurs also in live thymocytes and lymphocytes, respectively (Fig. 6B) . It is important to note that dnNb (which lacks the Numb C-terminus) is not detected by the anti-Numb antibody, raised against an epitope located at the Numb C-terminus. However, using the anti-Myc tag antibody, we immunoprecipitated dnNb from thymocytes of WT (as a negative control) and dnNb TG mice and could detect no binding of dominant-negative Numb to c-Cbl (Fig. 6C) , indicating that dnNb does not retain the ability to bind with c-Cbl. Therefore, while Numb is able to act as adaptor protein between TCR and c-Cbl, the dnNb blocked c-Cbl incorporation into the complex. Next, we analyzed TCR/c-Cbl co-localization, observing that dnNb inhibited TCR/c-Cbl co-localization in stimulated CD4 T lymphocytes ( Fig. 6D and E) . Since Cbl-b is implicated to a higher extent than c-Cbl in TCR degradation in peripheral cells (22, 23) , we investigated its localization in stimulated CD4 T lymphocytes from WT and dnNb TG mice. We also observed Cbl-b exclusion from TCR clusters (Fig. 6F) . Indeed, quantification showed that the effect on Cbl-b was stronger (Fig. 6G) . This is in agreement with data showing that SLAP is involved in Cbl recruitment to the TCR during lymphocyte stimulation (24) . Numb binds to CD3ε 133 Since c-Cbl and Cbl-b act as ubiquitin adaptors, we aimed to study how dnNb expression affected CD3ζ ubiquitylation. Analysis of CD3ζ ubiquitylation by CD3ζ immunoprecipitation followed by anti-ubiquitin immunoblotting showed a decrease in CD3ζ ubiquitylation in purified DP thymocytes of dnNb TG compared with WT mice (Fig. 6H ), in agreement with the results above where we found a TCR degradation block in the presence of dnNb. TCR activation is concomitant with the accumulation of ubiquitylated proteins that co-localize with the TCR, thus we wanted to visualize ubiquitin localization in stimulated CD4 T cells of WT and dnNb transgenic mice. Ubiquitylated proteins accumulated in patches of TCR clustering in stimulated WT CD4 T cells, whereas ubiquitin staining and TCR clusters were not coincident in stimulated CD4 T cells from dnNb TG mice (Fig. 6I) .
Discussion
Nowadays, the question of how protein internalization and degradation mediate the regulation of signaling processes is of great importance in the context of lymphocyte biology. 
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Trying to make a contribution to this emerging area, here we have investigated whether the ubiquitous endocytic adaptor Numb participates in the regulation of TCR signaling.
Numb participates in the degradation of a number of receptors via clathrin-mediated endocytosis (1). Because Numb is highly expressed and has an important role in endocytosis, its complete deletion has resulted in fetal lethality, while its complete conditional deletion has been, at least, controversial (discussed in (7, 25) ). In order to avoid these previous 'technical' problems, we undertook a Numb dominant-negative approach in order to manipulate Numb expression in developing thymocytes and mature lymphocytes. This way, in the thymus we observed increased CD4 SP production and higher levels of Erk, Akt and ZAP-70 phosphorylation, agreeing with the established notion that enhanced positive selection results in more efficient production of SP thymocytes (26) . Published data demonstrating that mice deficient in other related adaptors like c-Cbl/ Cbl-b or SLAP show a similar effect on CD4 SP development further support this possibility (18, 27) . Further, our results from dnNb * TCR TG mice showing decreased CD4 SP production, enhanced CD8 SP production and DP thymocyte apoptosis may indicate that increasing the already high TCR signal results in negative selection. Again, the same effect was observed in c-Cbl/Cbl-b-deficient mice (27) . Possibly, due to an overall enhanced TCR signaling, part of the DP thymocyte population that would not have differentiated because of the lack of a signal differentiate into the CD8 lineage instead, as has been shown before in mice with enhanced Lck activity (28, 29) . Finally, dnNb TG thymocytes present constitutively phosphorylated Erk protein, reinforcing the idea of a stronger TCR signal and suggesting spontaneous TCR signaling. All these data together indicate that Numb may function in thymocytes by attenuating TCR signaling.
On the other hand, our results in mature unstimulated CD4 T lymphocytes reveal enhanced TCR signaling but normal surface TCR levels in lymphocytes. Furthermore, CD3ζ degradation was impaired in stimulated dnNb mature lymphocytes, implying that TCR degradation, but not internalization, is affected by Numb inhibition. By showing that Numb binds to CD3ε, it seems that we have uncovered an alternative mechanism for TCR degradation that adds to the current model involving SLAP (30) . The adaptor SLAP targets for degradation phosphorylated CD3ζ chains present in fully assembled TCR complexes by linking them with the ubiquitin ligase Cbl (30) . The authors argue that, in the absence of CD3ζ, the remainder of the complex is either degraded or retained in an intracellular compartment. However, there is no report of alteration in CD3ε expression or the rate of ligand-induced CD3ε internalization in SLAP knockout mice. Thus, CD3ζ and CD3ε may follow different degradation pathways, the first mediated by SLAP and the second by Numb. It is important to point out that deletion of the proline-rich sequence of CD3ε, including part of the NPDY Numb binding sequence, results in a phenotype similar, but not identical to SLAP deficiency (31) , probably a compound of alterations in SLAP and Numb function.
Our data showing that CD3ε does not need to be phosphorylated in order to bind to Numb and that Numb inhibition results in spontaneous TCR signaling suggest the intriguing possibility that Numb acts as 'guardian' of the TCR in the absence of TCR stimulation or afterwards, simultaneously preventing spontaneous signaling by surface TCR complexes and facilitating their degradation after stimulation in mature T lymphocytes. The data showing that dnNb outcompetes endogenous Numb for CD3ε binding, resulting in TCR degradation impairment, add to this notion. Moreover, our data suggest that the role of Numb is not restricted to the resting state of lymphocytes. The fact that Numb inhibition via dnNb results in sustained TCR signaling and expression after stimulation can only mean that Numb must access again the TCR complex at the time when there has been enough signal and displace Nck in order to mediate TCR degradation. This, again, may be initiated by changes in CD3ε or Numb. The existence of a single point where signaling can be initiated or stopped (depending on the adaptor that is bound to the TCR) is biologically relevant: the proline-rich region of CD3ε acts as a switch that can only be 'on' or 'off' in terms of signaling, there are no intermediate stages.
In this context, the results showing that endogenous Numb and Cbl are defectively localized in the presence of dominant-negative Numb indicate that the way Numb regulates TCR signaling is by acting as linker between Cbl and the TCR complex, favoring non-phosphorylated TCR degradation. Of the two known functions of Cbl, as regulator of early endocytic vesicle movement and fusion (17, (32) (33) (34) , or as ubiquitin ligase (17) , dnNb expression seems to affect the two. This results in accumulation of TCR-containing endosomes in activated CD4 T lymphocytes. Another E3 ubiquitin ligase, Grail, also involved in TCR ubiquitylation, localizes and exerts its function in endosomes (35) , suggesting that dnNb-mediated Cbl mislocalization may also take place in endosomes.
In summary, our data reveal a new pathway in the regulation of TCR degradation, alternative to the currently accepted as standard, phosphorylated ZAP-70-dependent pathway. This brings up the intriguing possibility that whether Numb or Nck bind to the TCR complex may determine the choice between TCR degradation versus signaling. Future studies will hopefully explain how this novel mechanism works together with other degradation pathways to regulate TCR signaling.
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